Abstract Local moisture recycling plays an essential role in maintaining an active hydrological cycle of the Tibetan Plateau (TP). Previous studies were largely limited to the seasonal time scale due to short and sparse observations, especially for the northwestern TP. In this study, we used a two-component mixing model to estimate local moisture recycling over the past decades from the deuterium excess records of two ice cores (i.e., Chongce and Zangser Kangri) from the northwestern TP. The results show that on average almost half of the precipitation on the northwestern TP is provided by local moisture recycling. In addition, the local moisture recycling ratio has increased evidently on the northwestern TP, suggesting an enhanced hydrological cycle. This recent increase could be due to the climatic and environmental changes on the TP in the past decades. Rapid increases in temperature and precipitation have enhanced evaporation. Changes of land surface of plateau have significantly increased evapotranspiration. All of these have intensified local moisture recycling. However, the mixing model used in this study only includes a limited number of climate factors. Some of the extreme values of moisture recycling ratio could be caused by large-scale atmospheric circulation and other climatic and weather events. Moreover, the potential mechanisms for the increase in local recycling need to be further examined, since the numeric simulations from climate models did not reproduce the increased contribution of local moisture recycling in precipitation.
Introduction
Known as the "water tower of Asia," the Tibetan Plateau (TP) has played an important role in the water cycle of Asia (Bothe, Fraedrich, & Zhu, 2010; Immerzeel, Beek, & Bierkens, 2010) . The transport of moisture on the TP is essential for the sustainable water supplies in the downstream regions of many major rivers originated from the plateau (Chen et al., 2012; Curio, Maussion, & Scherer, 2015; Feng & Zhou, 2012; Yu et al., 2007) . Previous studies have indicated three major moisture transport pathways for the TP, i.e., the Asian monsoon systems, the midlatitude westerlies, and the local moisture recycling (e.g., Curio et al., 2015) . However, the existing water cycle could be profoundly affected by the significant climate changes observed over the TP during the past decades (Lu et al., 2014; Yang et al., 2011; Yang et al., 2014) . Therefore, it is necessary to understand these changes in the water cycle, especially at the decadal time scale. Most existing studies on moisture transport focus on the northeastern, central, and southern parts of the TP (Cui & Li, 2015; Tian et al., 2001; Yang et al., 2007) , largely because of the lack of observations on the northwestern TP due to its harsh environment (Yu et al., 2006; Yu et al., 2007) . However, the northwestern TP is an important link between the Asian monsoon and midlatitude regions (Watanabe & Yamazaki, 2012) . Therefore, the knowledge of the moisture transport over this region is crucial for better understanding the hydrological cycle on the TP.
excess (d = δD À 8δ
18 O) is a second-order parameter reflecting nonequilibrium fractionation during initial evaporation from the ocean, reevaporation at land surface, or reevaporation and/or mixing along the air mass trajectory (Merlivat & Jouzel, 1979) . It has been widely used to trace atmospheric circulation and moisture sources (Bershaw, Penny, & Garzione, 2012; Liu et al., 2008; Yao et al., 2013; Yu et al., 2007) . However, the study of d excess in precipitation is often limited to seasonal scale, and studies over longer time scales are rare due to short observation periods. The d excess records in ice cores on the TP could be used to complement precipitation sampling for high elevations and have been used to distinguish the contribution of different atmospheric circulation and regional recycled moisture from local moisture during different periods on the central TP (Joswiak et al., 2013; Pang et al., 2012; Tian et al., 2001 Tian et al., , 2005 Zhao et al., 2012) . Pang et al. (2012) found that the abnormally high d excess values in East Rongbuk Glacier on the Himalayas were linked with the strengthening of winter westelies, whereas low values were associated with the intensification of Indian summer monsoon. The d excess series in the ice cores from the Tanggula Mountains, central TP, has been used to investigate the long-term variation in the relative contribution of westerlies moisture and local moisture recycling (Joswiak et al., 2013) .
The interactions between land and atmosphere play an important role in the water cycle on the TP (Yang et al., 2011) . The importance of local moisture recycling on maintaining an active hydrological cycle has been studied on the TP and surrounding areas (Curio et al., 2015; Hua, Zhong, & Ke, 2016; Kong, Pang, & Froehlich, 2013; Kurita & Yamada, 2008; Liu et al., 2008; van der Ent, 2009; Xu et al., 2011; Zhang, Tang, & Chen, 2017) . However, no work has been attempted to evaluate the changes of local moisture recycling from d excess records in ice cores. In this study, based on a two-component mixing model, we try to calculate the changes of local moisture recycling ratio over the past decades using two d excess series from the northwestern TP (i.e., Chongce, 35°14 0 N, 81°07 0 E, 6,010 m above sea level (asl); Zangser Kangri, 34°18 0 N, 85°51 0 E, 6226 m asl; Figure 1 ). To verify our results, we use an atmospheric general circulation model with an embedded moisture-tracing module (Community Atmosphere Model version 3) to track source regions supplying moisture to the northwestern TP and to quantify their respective contributions to total precipitation. This model Figure 1 . Study region map showing the location of Chongce and Zangser Kangri ice core sites (black stars), and GNIP stations along the westerlies and Indian summer monsoon (black solid dots). The stable water isotope data of Shiquanhe (square) are also used in this study, which is from the observation of Yu et al. (2007) . The black contour lines and arrows indicate the annual mean geopotential height (m) and wind field (m/s), respectively, at the 500 hPa, averaged from 1961 to 2015. The black box in the top-right corner indicates the target region (81-86°E, 32-36°N).
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has been tested and used for climate simulations and paleoclimate studies (Pausata et al., 2011; Sturm, Zhang, & Noone, 2010) , as well as the moisture tracing in other regions (Salih et al., 2016) . The relatively long period covered in this study, from 1961 to 2012, allows for a robust analysis of historical trend as well as the interannual variability of local moisture recycling, and its relationship with moisture transport and other impact factors, such as sea surface temperature and the natural variability of the climate system.
Data
Ice Core Data
The Chongce and Zangser Kangri ice cores were drilled from two glaciers located at the northwestern Kunlun Mountains on the northwestern TP (Figure 1 ). The Chongce glacier is located at western Kunlun, covering an area of 163.06 km 2 with a volume of 38.16 km 3 (Shi et al., 2008) . The snowline altitude is about 5,900 m asl.
Three ice cores (with length of 133.83 m, 135.81 m, and 58.82 m respectively) were recovered in October 2012 from a southwest leaning flat-topped glacier at the southern slope of Chongce (35°14 0 N, 81°07 0 E, 6010 m asl; Figure S1 in the supporting information). These ice cores were kept frozen and transported to the Key Laboratory of Coast and Island development of Ministry of Education, Nanjing University. This study is based on the 58.82 m core, which was split axially into two halves. One half was stored for archive, and the other half was cut into 1,956 samples with intervals of 2-3 cm in a cold room (À20°C) for analyses of stable isotopes and β-activity. The δ 18 O and δD were measured using a Picarro Wavelength Scanned Cavity Ring-Down Spectrometer (WS-CRDS, model: L 2120-i, precision at ±0.1‰). The detailed dating was presented in . The ice core was drilled in October, but the precipitation amount is usually little in November and December in this region. Therefore, the 2012 layer was also included to make best use of the data in present study, and the analysis period of Chongce ice core is from 1953 to 2012.
The Zangser Kangri glacier is located in the Qangtang Plateau, northwest part of the TP (Figure 1) , with an area of 337.98 km 2 and a volume of 41.70 km 3 (Shi et al., 2008) . The snowline is about 5,700-5,940 m asl.
The glacier temperature ranged from À15.2°C to À9.2°C, with a mean temperature of À11.7°C, À12.4°C at the 10 m depth and a basal temperature of À9.2°C. The ice cores were drilled at a south-leaning flat-topped glacier at the southern slope of Zangser Kangri ( Figure S1 ). Two ice cores to bedrock (127.7 m for Core 1 and 126.7 m for Core 2) were recovered from the glacier (34°18 0 05.8″N, 85°51 0 14.2″E, 6,226 m asl; Figure 1 ) in April 2009, and this study was based upon the analysis of Core 1. These two ice cores were kept frozen and transported to the State Key Laboratory of Cryospheric Sciences, the Cold and Arid Regions Environmental and Engineering Research Institute, Chinese Academy of Sciences for processing. A total of 2,884 samples were taken from Core 1 at a resolution of 4-6 cm. The outer~2 cm of each sample was removed for stable oxygen isotope analysis. The inner portion of the ice core was collected in precleaned polyethylene sample containers for chemical and dust particle analyses. The δ 18 O and δD were measured using a Picarro Wavelength Scanned Cavity Ring-Down Spectrometer (WS-CRDS, model: L 2120-i, precision at ±0.1‰). The detailed dating was presented in a previous study (An, Hou, Zhang, Wang, et al., 2016) . In present study, the analysis period of Zangser Kangri ice core is from 1951 to 2008.
Reanalysis Data and Moisture Trajectory Modeling
The target region in this study is defined by a minimum rectangle encompassing both ice cores (32-36°N, 81-86°E). There is only one meteorological station in this region, i.e., the Gêrzê station (Qin et al., 2009) . In order to evaluate the results derived from the ice core d excess series and the model calculation, we used the ERA-Interim reanalysis (European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis) data (Dee et al., 2011) of 0.75°× 0.75°spatial resolution, because it has better performance than other reanalysis data sets in simulating atmospheric water budget over the TP (Gao, Lan, & Zhang, 2014; Zhang et al., 2017) . The gridded temperature and relative humidity (calculated from ERA-Interim temperature and dew point temperature) were extracted from the ERA-Interim for the period of 1979-2015 to calculate the local moisture recycling of Chongce and Zangser Kangri. In addition, such climate variables as monthly wind speed and direction, geopotential height, precipitation, and evaporation were also used.
Monthly sea surface temperature (SST) data from the Hadley Center (Rayner et al., 2003) was used to drive the general circulation model, the Community Atmosphere Model version 3 (CAM3) (Collins et al., 2006) , with an embedded water-tagging module (Pausata et al., 2011) . We also applied the Hybrid Single-Particle In addition, the digital elevation model (DEM) data were used to show the three-dimensional terrain for the ice cores sites. The DEM data were from Advanced Spaceborne Thermal Emission and Reflection Radiometer global DEM version 2 with 30 m resolution, available at http://www.jspacesystems.or.jp/ersdac/GDEM/E/4. html.
Meteorological Data
To further evaluate the model results, climate data from three meteorological stations on the northwestern TP (i.e., Shiquanhe, Gêrzê, and Xainza) were also used. Shiquanhe is the closest meteorological station (32°30 0 N, , 4,278 m asl, 1961-2012) to the Chongce glacier (Figure 1 ), and its annual temperature and relative humidity data were used to calculate the local moisture recycling of Chongce. For Zangser Kangri, the average annual temperature and relative humidity of the nearby station Gêrzê (32°09 0 , 84°25 0 , 4,414.9 m asl, and Xainza (30°57 0 , 88°38 0 , 4,800 m asl, 1961-2008) were used An, Hou, Zhang, Wang, et al., 2016) . It is worth noting that Shiquanhe and Xainza stations, although the closest, are still quite far away from the ice core drilling sites. Shiquanhe is about 320 km from Chongce, and Xainza is about 500 km from Zangser Kangri. Therefore, both Shiquanhe and Xainza stations were not included in calculating climatic changes in the target region. The moisture recycling fraction calculated based on data from these stations was only for comparison purposes. The stable water isotope data of Shiquanhe is from Yu et al. (2007) .
In addition, we extracted the 2.5°× 2.5°gridded precipitation data from the Global Precipitation Climatology Project (GPCP 2.2 data set) to examine the spatial pattern of precipitation trend (Adler et al., 2003) . Previous studies show that this data set is able to capture the precipitation variations over the TP and surrounding areas .
GNIP Data
In addition to the stable water isotopes in the ice cores, we also used the precipitation stable water isotope data from Global Network of Isotopes in Precipitation (GNIP). GNIP data are collected by the International Atomic Energy Agency and the World Meteorological Organization since 1961. The GNIP stations used in the present study include Teheran, Tashkent, Kubul, Jammu, Hetian, New Delhi, Bombay, and Shillong ( Figure 1 ).
Two-Component Mixing Model
The two-component mixing model has been used to evaluate the fraction of local moisture recycling on the TP and surrounding areas in previous studies (Cui & Li, 2015; Kong et al., 2013; Kurita & Yamada, 2008; Xu et al., 2011) . This model assumes that precipitation is formed from the mixture of advected vapor and local moisture recycled by evaporation (Froehlich et al., 2008; Kong et al., 2013) . The mixing equation is as follows:
where f c is the fraction of precipitation from local evaporation, d c is the corrected d excess of local precipitation at cloud base, d adv and d evap are d excess of advected moisture and locally evaporated water. Several factors could affect the d excess of precipitation. It could be increased by moisture recycling due to the kinetic isotope fractionation during evaporation, but decreased by the local effect of subcloud evaporation of precipitation (Froehlich et al., 2008) . However, it has been suggested that both the distance between cloud base and ground and the saturation deficit are lower at high altitude, and thus, the impact of subcloud evaporation is negligible at high mountains (Froehlich et al., 2008) . Cui and Li (2015) found that in regions above that 3,700 m asl, the precipitation d excess is almost free of the subcloud evaporation effect in summer in the northeastern TP. Both Chongce and Zangser Kangri are higher than 6,000 m asl. Therefore, the annual mean values of d excess from the ice core at each site were used to represent the d excess of local precipitation d c .
The d excess of advected moisture (d adv ) was difficult to obtain. The study region is dominated by the westerlies, but the moisture from the Indian Ocean could still reach this region in during the summer monsoon
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season ( Figure S2 ). Based on the method used in previous studies on the TP (Cui & Li, 2015) (2) to (6):
where R represents the isotopic ratio (R i = 1 + δ i ). The subscript evap, W, and A indicate evaporated moisture, evaporating water, and atmospheric vapor. Based on equations (2) to (6) H. The h indicates the relative humidity. The α is the liquid-vapor equilibrium fraction factor for deuterium and oxygen-18, estimated from empirical relations derived by Majoube (1971) . The α k is the kinetic fraction factor ( 2 α k for deuterium and 18 α k oxygen-18). We adopted the empirical equations used by Froehlich et al. (2008) to calculate α and α k :
where T is the temperature (K). In order to get a more accurate T at the ice core drilling site, the instrumental temperature records, collected at adjacent meteorological stations at lower elevations (Figure 1 ), were adjusted based on the lapse rate of 6 K/km derived from Y. Li, Zeng, et al. (2015) . The value 0.58 was adopted for n (Stewart, 1975) .
R A is very difficult to measure directly because of the dynamic nature of the atmosphere and strong seasonality. In this study, the stable isotopic composition (R A ) of the vapor was determined using the precipitationequilibrium assumption (Gibson, Birks, & Edwards, 2008) . The δ 18 O and δD of atmospheric vapor (δ A ) was calculated based on equation (7):
where δ P is the mean stable water isotopic composition of precipitation, and in this study it is approximated by the isotopic values of the ice cores. The calculated mean d excess value of atmospheric vapor is about 24.9‰ for both Chongce (1979 Chongce ( to 2012 and 24.3‰ for Zangser Kangri (1979 Kangri ( to 2008 . This calculation of moisture recycling fraction is not exact because of limited meteorological records, but it is a reasonable first approximation to help understand the relatively long-term contribution of moisture recycling to local precipitation on the northwestern TP.
Results
The d Excess Variations of the Chongce and Zangser Kangri Ice Cores
The (Figures 2a and 2b ). This δ 18 O-δD relationship is consistent with the meteoric water lines derived from precipitation in the adjacent Shiquanhe and Gêrzê station (Yu et al., 2007) , as well as those from isotopic values of ice cores in the central TP (Joswiak et al., 2013) . The slope and intercept of δD-δ 18 O relationship are generally influenced by either subcloud evaporation or local moisture recycling. Since the subcloud evaporation under low relative humidity is negligible for high mountains, the steep slope and large intercept could result from local moisture recycling, which causes nonequilibrium condensation of the isotopes (Bershaw et al., 2012; Tian et al., 2001; Yuan et al., 2011 Values of d excess are controlled mainly by relative humidity and temperature over the evaporating surface, and wind speed at the source region of atmospheric moisture (Froehlich et al., 2002; Merlivat & Jouzel, 1979) ). The isotopic composition of precipitation is a result of a mixing of advected and recycled moisture of a given region (Kong et al., 2013) . The d excess values greater than 10‰ often indicate the existence of the recycled water derived from local evaporated vapor (Bowen et al., 2012; Gat, Bowser, & Kendall, 1994) . Because of nonequilibrium fractionation that occurs during evaporation, the d excess value of evaporated moisture becomes larger than that of land surface water (Gat & Matsui, 1991; Henderson-Sellers et al., 2004) . Thus, high d excess values may reflect the contribution of local evaporation from a land surface to precipitation in this region. Yu et al., 2016) . In this study, the NOAA HYSPLIT model was exploited to calculate the daily 120 h of back trajectories of air parcels above the Chongce (Figures 3 and 4) and Zangser Kangri ( Figures S3 and S4 ) ice core sites for the years with three highest (higher than mean value +1.0σ) and three lowest (lower than mean value À1.0σ) d excess values, respectively. With k-means clustering algorithm (Alsabti, Ranka, & Singh, 1997) , six clusters are mapped out from the daily trajectories for each season, based on which possible moisture source regions can be identified. The six clusters include the northern and southern trajectories of the westerlies, the northern and southern local trajectories, the Indian summer monsoon, and the polar trajectories.
The HYSPLIT results driven by NCEP and ERA data show similar moisture trajectories for Chongce and Zangser Kangri area, although the ERA-driven trajectories show more information of local region with very short local trajectories. The majority of trajectories for Chongce and Zangser Kangri area are different for years with high and low d excess values. The moisture in this region is generally controlled by the combined effects of the westerlies and local moisture recycling. In general, more moisture comes from the TP and surrounding area in years with high d excess values than in years with low d excess values, especially in summer and spring seasons (Figures 3, S3 , and S7). The ERA-driven results show very short northern and southern local trajectories for Chongce area, which could have contributed to the high d excess values (Figures S5 and S6) . The NCEP-driven results show significant moisture contribution from the Indian monsoon in the summer for Chongce during years with low d excess values (Figure 4 ), whereas such contribution is largely absent during the years with high d excess values (Figure 3 ). The HYSPLIT model results also indicate that the Indian monsoon contributes more moisture to precipitation in the eastern part of the northwestern TP (e.g., Zangser Kangri) than the western part (e.g., Chongce) ( Figures S4 and S8) . Therefore, the low d excess values may be caused by this contribution of the Indian monsoon, hence less contribution of local moisture, whereas the high d excess values could be related to the more contribution from local moisture recycling.
The Estimated Recycling Fraction of Local Moisture
Based on the two-component mixing model, we calculated the annual moisture recycling fraction values for Chongce and Zangser Kangri. The local moisture recycling fraction derived from ERA-Interim and station data 
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show identical values and temporal trends (Figures 5a and 5d ). Based on climate variables from ERA-Interim data, the mean fraction of local moisture is 53.2 ± 18.0% for Chongce (1979-2012) and 52.9 ± 12.6% for Zangser Kangri (1979 Kangri ( -2008 . The interannual variation for the local moisture recycling is large, ranging from 15.0% to 82.6% for Chongce and 24.7% to 81.6% for Zangser Kangri. Meanwhile, the mean fraction of local moisture calculated from station data is 49.4 ± 17.1% for Chongce and 48.4 ± 13.8% for Zangser Kangri (1961 Kangri ( -2008 , and the interannual variation for the local moisture recycling is large ranges from 15.3% to 82.7% for Chongce and 16.8% to 81.0% for Zangser Kangri. The large annual variations for the local moisture recycling ratio estimations may be caused by the anomalous isotopic values of annual stable water isotopic compositions in ice cores, which could be influenced by single and transient weather events. The Chongce and Zangser Kangri results show similar temporal patterns in both the local moisture recycling (Figures 5a and 5d ) and d excess (Figures 2c and 2d) . Moreover, the local moisture recycling ratio has a similar significant increasing trend for both sites during the past decades (Figures 5a and 5d ). The ratio is relatively low from 1960s to the end of 1980s and begins to increase significantly after 1990s, especially for Chongce. At the same time, the regional temperature from the nearest meteorological stations Shiquanhe, Gêrzê, and Xiainza shows an evident increasing trend from since 1960s (Figures 5b  and 5e) , whereas the relative humidity shows great interannual and decadal variability with no discernible trend (Figures 5c and 5f ). The increasing temperature could lead to an increase in the regional evaporation on the northwestern TP, and thus enhance local moisture recycling. O and δD) , which have large intra-annual variations. We evaluate the uncertainty range of the local moisture recycling ratio by estimating it using the annual maximum and minimum, in addition to annual isotopic values of ice cores. The resulting differences in the moisture recycling ratios are relatively small, and the time series show very similar temporal patterns ( Figure S9 and Table S1 in the supporting information). This suggests that the local moisture recycling ratios derived from the annual mean isotopic values of ice cores are reasonably stable and robust. (1981, 1983, and 2012) .
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and d evap. Based on this, we estimated the uncertainty range of the local moisture recycling ratio by using the maximum (13.4‰ and 13.5‰, for Chongce and Zangser Kangri ice cores, respectively) and minimum (8.0‰) values, as well as the average (11.85‰) for d adv to calculate the range of f. The resulting local moisture recycling fractions are 64.4%, 53.2%, and 46.3% for maximum, average, and minimum d adv. Despite such differences, the three time series show very similar temporal patterns over the past decades ( Figure S10 ). The mean value of 11.85‰ is chosen as the value of d evap for subsequent calculations.
Simulated Contribution of Local Moisture Recycling
In order to evaluate the results from the two-component mixing model, and further explore the dynamical processes involved, we use CAM3 climate model with water-tagged module to trace the moisture sources and each of their individual contribution to precipitation in our study area. The water-tagging technique in the model can trace the moisture that forms the local precipitation back to previously tagged region. The simulation covers a period from 1951 to 2015. The CAM3 model has a horizontal resolution of 2.8°× 2.8°, with 26 vertical levels and a model top at 3.5 hPa. We tagged 10 specific moisture source regions for precipitation over the study area ( Figure S11 ). The selected regions cover almost all the possible moisture sources of the northwestern TP and are also consistent with the dynamical features of the atmospheric circulation, which influences the northwestern TP.
The CAM3 simulation shows that the most important moisture source region for the northwestern TP is the Indian Ocean, contributing of 40.5% of total moisture during the period 1951-2015 ( Figure S12 ). The local moisture recycling is the second largest moisture contributor for the area, accounting for 14.6% of annual total moisture. In particular, the contribution of local moisture could increase to 27.5% in summer season (June-August; Figure 6 ). These values are lower than the moisture recycling ratios derived from the two-component mixing model for the two ice core sites. Moreover, the CAM3 model shows no trend in the contribution of local moisture recycling from 1951 to 2015 for annual values, and only a weak increasing trend in spring and winter (Figure 6 ).
Discussion
Comparisons With Previous Local Moisture Recycling Ratio Estimations
It has been suggested that regional moisture recycling is a major source of precipitation for the TP as topographic features make it difficult for moisture to leave the region (van der Ent, 2009). Studies over (Yang, Ye, & Wu, 1992; Yu et al., 2016) . Meanwhile, previous studies have shown a wide range of values of moisture recycling rates for the TP. For example, using the same two-component mixing model, Cui and Li (2015) found that the annual contribution of local recycling was about 23.4% in the Qinghai Lake Basin of the northeastern TP and Xu et al. (2011) estimated that the average contribution of evaporation from the Lake Nam Co in the central TP to local atmospheric vapor has varied from 28.4% to 31.1% during the summer season (Table 1) . Kurita and Yamada (2008) found that local recycling ratio ranged from 30% to 80% over the middle of the Tibetan Plateau during the monsoon season (Table 1) . These values are relatively lower but within the ranges of the estimated local moisture recycling ratios in our study (15.3%-82.7% for Chongce and 16.8%-81.0% for Zangser Kangri). The great uncertainties in estimating this particular aspect of the hydrological processes may be caused by the influence of local climate or transient weather events. Even in present study, the annual local moisture recycling ratio series also showed discrepancies for Chongce and Zangser Kangri in interannual scale, despite the similar enhancing trend over the past decades. The differences could be attributed to the differences in local climate or hydrological processes. For example, the local moisture recycling ratio for Chongce showed low values since mid2000s, which was accompanied by the decreasing trend of regional relative humidity (Figure 5c ). By contrast, the local moisture recycling ratios for Zangser Kangri in recent years were relatively stable, and the regional relative humidity values were also stable and high since mid-2000s ( Figure 5f ); the stable regional relative humidity may have provided more evaporating water and thus led to relatively stable local moisture recycling. Moreover, the Zangser Kangri is located more eastern and affected by more moisture from Indian monsoon, which also can cause some differences in the final local moisture recycling ratios.
In addition, the use of different data sets with varied data sources and compilation methods could also lead to large differences in the estimated local moisture recycling of existing studies. For example, based on the ERA-Interim and NCEP data sets, Zhang et al. (2017) reported that local moisture may have contributed about 18% of the total precipitation for the west central TP during the period of 1979-2013. However, based on the analysis of 12 year high-resolution climatology data set, Curio et al. (2015) found that 63.2% of the precipitation for the TP is provided by local moisture recycling from 2000 to 2012. In contrast, the calculations using two-component mixing model in this study are based on the measured stable water isotopic compositions in ice cores and instrumental records, while the CAM3 simulation used Hadley SSTs. The different data sets may have caused differences in the values of local moisture recycling ratios. Despite these discrepancies, our estimations show that the contribution from local moisture recycling has increased since 1990s on the northwestern TP, which is consistent with the study of Zhang et al. (2017) , who also found that the hydrological cycle has intensified and the precipitation recycling ratio on the TP has increased significantly in recent decades. The CAM3 simulation in this study also suggested that the local moisture recycling was a major (the second largest) moisture source for the northwestern TP, although the contribution of local moisture recycling to regional precipitation was relatively stable, especially in summer season.
The Enhanced Local Moisture Recycling on the Northwestern TP Over the Past Decades
The enhanced local recycling may be attributed to several climatic and environmental changes of the TP in the past decades, which are discussed below in more details. First, local moisture recycling can be enhanced by increasing precipitation and evaporation resulted from the fast warming of the region. Many studies have reported evident climate changes on the TP over the last few decades characterized by significant increase of temperature and precipitation (van der Velde et al., 2014; Yang et al., 2011 . Our analysis of climate data also confirms these changes. Figure 7 shows the annual and seasonal precipitation trends from GPCP data over the northwestern TP and surrounding areas (Figures 7a-7e ) over the period of 1979-2015. Annual precipitation has increased over most of the northwestern TP (Figure 7a ). This trend is (Figure 7d ) seasons. However, the GPCP data show a decreasing trend in the Zangser Kangri site. This might be due to the fact that the site is more influenced by the Indian monsoon, and it has weakened in recent decades . Precipitation processes on the TP are extremely heterogeneous, with the influence from topography, local convective activity, and large-scale circulation (Feng & Zhou, 2012) . Therefore, the precipitation could have large spatial variations. Our result is largely consistent with previous studies based on different data sets. For example, using a new gridded daily precipitation data set with the spatial resolution of 0.25°× 0.25°(CN05.1, covering the period of 1961-2012 (Wu & Gao, 2013) , Wang, Pang, & Yang, 2017 find that precipitation has increased over the most parts of the TP from 1961 to 2012, including the northwestern TP.
The increase in precipitation and temperature could increase local evaporation. We further evaluate changes in evaporation over the TP and the surrounding areas. The gridded annual evaporation data from ERA-Interim show increasing trend from 1970 to 2015 over the western edges of the TP, eastern TP, and the Himalayas (Figures 8a-8d ). The increase in evaporation is not significant over the northwestern part of the TP (Figures 8a-8e ). The largest increase in evaporation occurs in spring, covering the entire northwestern TP (Figure 8c ). Evaporation serves to transport both water and energy from the land surface to the atmosphere (Yang et al., 2007) . Therefore, its increase could serve to enhance the local atmospheric circulation, hence the local moisture recycling. It is worth noting that whereas precipitation increases for most of the northwestern TP (Figure 7 ), evaporation only increases in a part of the northwestern TP (Figure 8 ). This could be caused by the differences in land surface condition and atmospheric circulation patterns that lead to different responses in local moisture recycling for the northeastern and northwestern TP.
Second, local moisture recycling can also be enhanced by land surface changes, such as increase of surface water and vegetation. Previous studies found that the accelerated glacier melting and permafrost degradation have caused the expansion and deepening of the lakes in the interior TP since the late 1990s W. Li, Zhao, et al., 2015; Zhu, Xie, & Wu, 2010) . As a result, permanent surface water has increased significantly on the TP (Pekel et al., 2016) . The northwestern TP have much higher glacier coverage compared with other regions of the TP. Recent study found that the lake levels exhibit dramatic increases during both warm and cold season on the northwestern TP, and the glacier mass loss is potentially an important contributor to the dramatic lake level rise in this region (Lei et al., 2017) . The increased evaporation from large lakes, soil moisture, the active layer of permafrost, snowmelt and glacier runoff could increase the ratio of local moisture in precipitation, hence increase the d excess values (Bowen et al., 2012; Froehlich et al., 2008; Xu et al., 2011) . The TP has been greening in recent decades under the climate change Zhu et al., 2016) with enhanced evapotranspiration in the past three decades (Shen et al., 2015) . The d excess has similar values for plant-transpired vapor and evaporated land surface moisture. It has been suggested that transpiration is by far the largest water flux from Earth's continents, and the contributing fraction of transpiration to local precipitation is much larger than evaporation (Jasechko et al., 2013) . Therefore, the greening of the TP can also contribute to more local moisture content in precipitation on the northwestern TP.
Finally, local moisture recycling could also be enhanced by increase of soil moisture in the TP. Some recent studies suggest that soil is becoming wetter in the arid and semiarid regions of the western TP in recent decades, which is linked to an increase of precipitation recycling (Hua et al., 2016; van der Velde et al., 2014) . The increasing soil moisture would increase the fluxes of heat and vapor originated from the land surface (Tuttle & Salvucci, 2016) , thus altering the d excess in local precipitation. The increasing evaporation and soil moisture could serve to increase recycled precipitation and supply for regional precipitation.
Conclusions
In this study, we calculated the contribution of local moisture recycling to precipitation on the northwestern TP during the past decades using the δ 18 O, δD, and d excess records in the ice cores from Chongce and Zangser Kangri. The estimated local moisture contribution shows large interannual variability during the past decades. Temporally, the contribution of local moisture is relatively low from 1960s to the end of 1980s but has intensified since 1990s. This enhanced moisture recycling may be caused by regional climatic and environmental changes. First, the increase of temperature and precipitation lead to enhanced evaporation, contributing to more local moisture in the atmosphere. Second, the changes in land surface condition, such as the increase of vegetation cover, glacier melt, and lake surfaces, could also lead to increased soil moisture and evapotranspiration from land surfaces. Based on this study, we suggest that the interaction between atmosphere and land surface should be adequately taken into account in the model, especially for the TP region with complex surface types. Moreover, in present study, the absolute values of local moisture recycling fraction evaluated for the northwestern TP may be rough, due to lack of observations and the uncertainties in the model. Further efforts are needed to provide a more accurate estimation of local moisture recycling over the northwestern TP, as well as other parts of the TP.
